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Abstract

Elucidating the kinetics and mechanisms of heteroepitaxial nucleation and growth at mineral-water interfaces is essential
to understanding surface reactivity in geochemical systems. In the present work, the formation of heteroepitaxial cadmium
carbonate coatings at calcite-water interfaces was investigated by exposing calcite (1014) surfaces to Cd-bearing aqueous
solutions. In situ atomic force microscopy (AFM) was employed as the primary technique. The AFM results indicate that
the heteroepitaxial growth of cadmium carbonate proceeds via three different mechanisms depending on the initial supersat-
uration of the aqueous solution: advancement of existing steps, nucleation and growth of three-dimensional (3D) islands, and
nucleation and spread of two-dimensional (2D) nuclei. The 3D islands and 2D nuclei exhibit different morphologies and
growth kinetics. The effects of supersaturation on heteroepitaxial growth mechanisms can be interpreted in terms of the free
energy barrier for nucleation. At low initial supersaturation, where 3D nucleation dominates, it is hypothesized, from the
growth rate and morphology of the 3D islands observed with AFM, that the crystallization of the overgrowth follows a
non-classical pathway involving the formation of a surface precursor that is not fully crystalline, whereas high supersaturation
favors the formation of crystalline 2D nuclei whose morphology is based on the atomic structure of the calcite substrate.
Cross-sectional transmission electron microscopy (TEM) images reveal that the atomic structure of the interface between
the cadmium carbonate coating and calcite shows perfect, dislocation-free epitaxy.
© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Mineral surfaces are active substrates for heterogeneous
nucleation and can support the growth of heteroepitaxial
coating phases from aqueous solution if the atomic
arrangement of the substrate closely matches that of the
nucleating phase (van der Merwe, 1949; Schulz, 1951;
Lisgarten, 1954). Coating phases alter or ultimately obscure
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the reactive properties of mineral surfaces (Cubillas et al.,
2005). For example, Martin and co-workers (Jun et al.,
2005; Na and Martin, 2008, 2009) showed, using scanning
probe microscopy, that manganese oxide heteroepitaxial
nanostructures grown on manganese carbonate surfaces
exhibited vastly different interfacial forces than their sub-
strate, indicative of different surface charges. Therefore,
mineral heteroepitaxial coatings of even nanometer scale
can significantly affect some properties of the mineral-water
interface. In addition, the effect of heteroepitaxial coatings
on mineral surface reactivity can lead to non-equilibrium
conditions. For example, due to the low solubility of some
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metal carbonates such as otavite (CdCOj3) and rhodochro-
site (MnCO3) with respect to calcite (CaCO;), even low
concentrations of metal ions in the presence of a calcite sur-
face are sufficient to cause the formation of a heteroepitax-
ial mineral coating (Pérez-Garrido et al., 2007, 2009). Such
coatings can extend sufficiently to effectively armor the ori-
ginal calcite surface, limiting access to and hindering fur-
ther reaction of the initial substrate, which prevents the
aqueous solution from reaching equilibrium with respect
to the CaCO; phase. Collectively, observations such as
these provide important clues for identifying properties of
heteroepitaxial coatings at mineral-water interfaces that
need to be better understood to enhance our ability to pre-
dict non-equilibrium conditions.

In this work, we consider the growth of cadmium car-
bonate on the calcite (1014) surface as a geochemically-rel-
evant model system for probing the rates and mechanisms
of heteroepitaxial growth at mineral-water interfaces. The
experiments are performed in the heterogeneous nucleation
regime whereby the solution is undersaturated with respect
to the calcite substrate but supersaturated with respect to
otavite. Of all the anhydrous metal carbonates that adopt
the calcite structure, otavite offers the smallest misfit with
respect to the calcite lattice (—4% based on the calcite
and otavite (1014) surface areas). Combined with the much
lower solubility of otavite (log Ky, = —12.24 (Rai et al.,
1991)) compared to that of calcite (log K, = —8.48
(Plummer et al., 1978)), this makes the heteroepitaxial
growth of otavite on calcite amenable to measuring growth
rates on the time scale of laboratory experiments.

Early work on the reaction of cadmium with calcite pow-
ders showed a strong affinity of cadmium for the calcite sur-
face and evidence of otavite formation, based on cadmium
aqueous concentrations that were controlled by otavite sol-
ubility (McBride, 1980; Papadopoulos and Rowell, 1988).
The later use of surface sensitive techniques provided micro-
scopic information on the composition and structure of pre-
cipitates on calcite single crystals. A combination of X-ray
photoelectron spectroscopy (XPS) and low-energy electron
diffraction (LEED) measurements by Stipp et al. (1992) indi-
cated that almost pure CdCO; had grown on the calcite sub-
strate, as evidenced by high Cd/Ca ratios, and that the
coating was crystalline with lattice parameters consistent
with those of calcite and otavite. Chiarello and co-workers
(Chiarello and Sturchio, 1994; Chiarello et al., 1997) showed
from synchrotron X-ray reflectivity (XRR) and X-ray dif-
fraction (XRD) measurements that a calcite-otavite solid
solution could grow epitaxially on the (1014) calcite surface
with thicknesses of up to several tens of nanometers. These
seminal studies provided direct evidence for heteroepitaxial
growth of otavite on calcite but could only indirectly deter-
mine growth mechanisms. More recently, atomic force
microscopy (AFM) was used to follow, in situ, the reaction
of Cd-bearing solutions with single crystals of calcite (Hay
et al.,, 2003; Pérez-Garrido et al., 2007; Cubillas and
Higgins, 2009). Cubillas and Higgins (2009) focused on
growth experiments in flow-through conditions with a high
initial Cd concentration ([Cd*']y=0.1 mM) and reported
monolayer growth either through advancement of existing
steps or two-dimensional nucleation. Pérez-Garrido et al.

(2007)  explored lower initial Cd concentrations
(0.005 mM < [Cd*"], < 0.050 mM) in static conditions
and observed the formation of three-dimensional islands
that were elongated along the [421] direction and had fixed
heights of approximately 2.75 nm. Although growth rates
were reported for some of the experiments in these two stud-
ies, a systematic investigation of the dependence of growth
rates on the initial level of supersaturation is still lacking.

In this study, we build upon previous work by systemat-
ically measuring the morphology and growth rates of sur-
face features over a wide range of initial concentrations
(0.001 mM < [Cd*"] < 0.100 mM) using AFM to quantify
the factors that control the kinetics of heteroepitaxial
growth, and to determine the dominant growth mechanisms
as a function of saturation state. Such measurements will
serve to help establish a microscopic model of heteroepitaxy
in aqueous environments. Additionally, this work will
determine whether the growth mechanisms observed in dif-
ferent studies under different growth conditions can be uni-
fied under a single approach. Finally, we aim to gain a
unique perspective on the atomic-level structure of the
interface between the calcite substrate and the coating
phase through the use of cross-sectional transmission elec-
tron microscopy (TEM).

2. EXPERIMENTAL
2.1. In situ AFM experiments

Optically-clear calcite crystals originated in Brazil were
used to prepare specimens of approximately 10 mm X
12 mm x 1.5 mm in size by cleaving with a razor blade along
the (1014) cleavage minutes before performing the experi-
ments. Aqueous solutions were prepared from high-purity
CdCl, (99.999%) dissolved in deionized water (resistivity
~ 18 MQ). All the growth experiments were carried out in
the AFM fluid cell. The fluid cell was a custom-built Kel-
F cell with a diameter of 2.7 cm and a volume of approxi-
mately 2.5 mL. The calcite specimens were fixed in the fluid
cell, which remained open to air throughout the experi-
ments. In situ AFM (Bruker, Dimension Icon) experiments
were carried out in static conditions by first contacting the
calcite surfaces with 2.3 mL deionized water for exactly
30 min, followed by the introduction of a small volume
(50-100 pL) of concentrated CdCl, solution to obtain an
initial Cd*" concentration, [CdH]o, of 0.001-0.1 mM.
AFM images were then taken every few minutes for 2-6 h.
Control experiments without the addition of Cd** were also
completed for comparison. In additional experiments aimed
to evaluate the composition of the overgrowing phase, both
cadmium and calcium were introduced in the aqueous solu-
tions to yield initial concentrations of [Cd>*]y = 0.050 mM
and 0.050 mM < [Ca*"] < 0.180 mM. Based on inductively
coupled plasma optical emission spectrometry (ICP-OES)
(Perkin—Elmer, Optima 2100DV) and pH measurements,
PHREEQC (U.S. Geological Survey computer program)
calculations showed that, at the point of CdCl, addition,
Qeatcite = 0.04-0.12 and Qqavite varied from 6 to 245, and
that, for the mixed Cd/Ca solutions, Quacite and Qotavite
varied from 0.09 to 0.17 and from 162 to 174, respectively,
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Table 1

Ton activities and saturation states of the initial experimental solutions.

[Cd2+]0 (mM) Added [Caz+] (IIIM) Qolavile Qoalcile aCd“ acaz— aCO%’
0.000 - - 0.12 - 7.4 % 107 52x107°
0.001 - 6 0.11 72 %1077 7.4 %1073 5.1%x107°
0.002 - 13 0.11 1.4 x107° 7.4 x 107 5.0 x 107°
0.005 - 30 0.11 3.6 x 107° 7.4 %1073 48 x 107°
0.010 - 56 0.10 7.3 %1076 7.4 %1073 44 x107°
0.018 - 91 0.09 1.3%x107° 7.4 %1073 3.9 x107°
0.025 - 117 0.08 1.9x107° 7.4 % 107 3.5x 107
0.038 - 155 0.07 29 %1073 73 %1073 3.0 x 107°
0.050 - 182 0.06 3.9 x 1073 7.3 %107 2.6 x107°
0.070 - 214 0.05 56x107° 73 %1073 22x107°
0.100 - 245 0.04 8.0 x 1073 72 %1073 1.8x10°¢
0.050 0.050 174 0.09 38 x107° 1.2x 1074 2.6 x107°
0.050 0.100 170 0.12 3.8 %1073 1.6 x 107 2.6 x 1076
0.050 0.150 162 0.15 3.7 %1073 2.0x 1074 2.5%x107°
0.050 0.180 162 0.17 3.7%x 1073 23 x 107 2.5%107¢

as summarized in Table 1. Q, the saturation state of the solu-
tion, is defined as:
Q _ aMz+ acogf

Q:Ksp —7[(51) (1)

where M?" refers to Cd** or Ca®", ay and acp > are ion
activities, Q is the ionic activity product, and K, is the sol-
ubility product for otavite or calcite. The equilibrium con-
stants derived by Rai et al. (1991) were used for modeling
Cd*"-CO03~ ion pairing.

AFM height and deflection images were collected in con-
tact mode using Au coated silicon nitride probes (Bruker,
NP-10, nominal force constant of 0.12 N m~'). The exter-
nally applied load was ~15 nN to minimize the perturbation
of the cantilever tip on mineral surface reactions. The scan-
ning frequency was 0.5-0.8 Hz, with 256 sampling points
per scan line and scanning areas ranging from 9 to
100 pm?. The growth rates of nuclei as well as etch pits
expanding (or closing) rates were measured from time-
sequential AFM images scanned in the same direction.
Images were flattened with order 2. The consistency of the
measured growth rates was verified using nuclei and etch
pits from up to three replicate experiments for each value
of [Cd**],. All experiments were conducted at ~ 22 °C.

2.2. Ex situ TEM experiments

TEM analysis was carried out to probe the atomic-level
structure of the interface between calcite and otavite. A
fluid cell with the same characteristics as that described in
Section 2.1, but with added inlet and outlet, was used to
grow otavite in flow-through conditions by reacting a
freshly cleaved (1014) calcite surface with two influent
aqueous solutions containing 0.1 mM CdCl, and 0.5 mM
Na,COs, respectively, (Q =475, pH =8.2) for 4h with a
flow rate of 0.47 mL min~'. These growth conditions were
selected to grow a cadmium carbonate epitaxial film as
thick as possible in order for it to survive sample prepara-
tion for TEM analysis. Sample preparation for TEM anal-
ysis consisted of excising a thin cross section using a focus

ion beam (FIB)-scanning electron microscope (SEM)
instrument. In order to protect the sample from ion beam
damage, a Pt layer approximately 200-400 nm thick was
deposited first on the reacted calcite surface, followed by
a 2-um C layer. The Pt/C layer was thinned with a Ga beam
followed by an Ar ion beam once the cross section was
excised and placed on a TEM grid. The TEM analysis
was performed with a FEI Titan 80-300 microscope oper-
ated at 300 kV. The instrument is equipped with a CEOS
GmbH double-hexapole aberration corrector for the
probe-forming lens, which allows for imaging with 0.1 nm
resolution in scanning transmission electron microscopy
mode (STEM). The images were acquired with a high angle
annular dark field (HAADF) detector with inner collection
angle set to 52 mrad.

3. RESULTS
3.1. AFM

3.1.1. Cadmium-free aqueous solution

Fig. 1 presents time-sequential images of the calcite
(1014) surface in contact with deionized water. The Cd-free
control experiments were conducted to provide a reference
for comparison with the Cd-bearing experiments and to
determine the state of the surface at the point where CdCl,
is introduced. When the calcite crystal is in contact with
deionized water, mostly shallow, mono-atomic etch pits
form at the surface with a few deeper etch pits, as illustrated
in Fig. 1. The mono-atomic etch pits and the uppermost
layer of the deeper etch pits expand and these combine to
lower the entire calcite surface, as described in the stepwave
model (Lasaga and Luttge, 2001). The time-sequential
AFM images in Fig. 1 indicate a progressive decrease in
the calcite dissolution rate as the solution in the static fluid
cell approaches saturation with respect to calcite. Indeed, in
the time range of 30-390 min, no etch pit formation is
observed and the dissolution of the calcite cleavage surface
takes place by the retreat of existing steps. The etch pits
display a nearly rhombic shape, bounded by step edges
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[010]

Fig. 1. Sequences of AFM topographic images (6000 nm x 6000 nm) of calcite (1014) surface in contact with deionized water. Images were
taken at (a) # = 30 min, (b) # = 150 min, (c) = 270 min, (d) # = 390 min after introducing deionized water. These images show the expansion

of etch pits with time.

oriented approximately along the [481] and [441] direc-
tions. There are two non-equivalent steps in the [481] and
[441] directions, which intersect the calcite surface at
obtuse and acute angles. The obtuse step pair, [481], and
[441],, and the acute step pair, [481], and [441],, are
bisected by a c-glide plane. The observed rounding of the
obtuse-obtuse corners in Fig. 1 might be associated with
trace impurities present in the system (Lea et al., 2001;
Arvidson et al., 2003; Freij et al., 2005; Harstad and
Stipp, 2007; Ruiz-Agudo et al., 2009).

3.1.2. Cd-bearing aqueous solutions

The surface features and etch pit expansion rates
acquired at [Cd*"],=0.001 mM are similar to those in
deionized water; however, significant morphology changes
occur for [Cd*™}y = 0.002 mM. Two representative time-
sequential AFM image sets obtained in Cd-bearing aqueous
solutions are presented in Figs. 2 and 3. Fig. 2a—e illustrate

the progressive expansion of etch pits at [Cd**], = 0.002
mM, accompanied by the nucleation and growth of precip-
itates on the surface. After exposure to 0.002 mM Cd*", the
etch pits formed on the calcite surfaces are bounded by
curved steps. This observation is consistent with Chada
et al. (2005) and Pérez-Garrido et al. (2007), who attributed
the morphological change of etch pits to the adsorption of
Cd*" at step edges. The precipitates formed on the calcite
surface exhibit a characteristic elongated shape, with the
long axis following the [421] direction and the short axis
parallel to [010] and a constant height of 2.2-2.7 nm, which
corresponds to 7-9 CdCO; monolayers based on the otavite
d spacing along the [104] direction. The constant height and
preferential growth along [421] are in qualitative agreement
with previous studies of the reaction of Cd- and
Mn-bearing aqueous solutions with the (1014) calcite sur-
face (Lea et al., 2003; Chada et al., 2005; Pérez-Garrido
et al., 2007, 2009). The precipitates with a height of
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Fig. 2. Sequences of AFM topographic images (4000 nm x 4000 nm) of calcite (10 14) surface in contact with Cd-bearing solution with initial
[Cd®*]=0.002 mM. Images (a) to (e) show the expansion of etch pits and the growth of 3D islands with time. Time interval is 50 min. Image
(f), which was obtained at the same time as (e), is a lateral force microscopy (LFM) image that shows different friction of the overgrowth and

the substrate.

2.2-2.7 nm are referred to as three-dimensional (3D) islands
hereafter, following Chernov (1984) and Pérez-Garrido
et al. (2007). Fig. 2f presents a lateral force microscopy
(LFM) image scanned in the trace direction. It is obvious
that the islands display a different lateral deflection signal
than that of the calcite surface, with the brighter regions
in Fig. 2f corresponding to higher friction. Although qual-
itative, the higher friction of the 3D islands is consistent
with the overgrowing phase having a different chemical
composition from the calcite substrate. The growth of the
3D islands proceeds by lateral advancement in the [421]
and [010] directions. Due to the lack of well-defined
straight edges, the growth kinetics of the 3D islands are
described by the variations in island length and width over
time, Vy,5 and Vg, respectively.

3D islands form on the surface in the range
0.002 < [Cd*T]y < 0.050mM but, as [Cd>'], further
increases, the formation of nuclei with a nearly rhombic
2D morphology becomes significant, as shown in Fig. 3
for [Cd**]y = 0.050 mM. The 2D nuclei have a height of
approximately 3 A, which is consistent with the expected
height of an otavite monolayer. It should be noted that
calcite and otavite have very similar d spacings along the
[104] direction (3.14 and 3.07 A, respectively). While the
2D nuclei spread and coalesce on the surface, the existing
etch pits shrink and eventually close. Growth is observed

to be dominated by the spreading of monolayers at
[Cd*>]y > 0.050 mM. The summed speed of two parallel
steps along [481] or [441], Vium = Vobtuse T Vacute Was cal-
culated by measuring the changes in distance between these
parallel steps in time-sequential images. The rates of etch
pit closure and 3D islands and 2D nuclei growth are plotted
as a function of the initial CdCl, concentration in Fig. 4a—c.

Fig. 4a presents Vg, obtained for etch pits where nega-
tive rates refer to the expansion of etch pits (i.e., calcite dis-
solution) while positive rates represent their shrinking (i.e.,
growth). In our AFM experiments, it takes 5-8 min to col-
lect one image, and thus we miss the first 10 min of reaction
due to the time for instrument adjustment and image scan-
ning. Fig. 5 demonstrates the variation in the distance
between two parallel [481] or [44 1] steps over time for etch
pit expansion and closure. Over the period of 17-100 min
after introducing deionized water, Vyum is 0.03 nms™' in
the cadmium-free experiments (solid line in Fig. 5), which
is two orders of magnitude lower than the typical value
obtained in flow-through studies (Liang et al., 1996). This
difference is associated with the solution chemistry. Indeed,
compared to flow-through experiments in which calcite is
always in contact with pure water, the aqueous solution
approaches saturation with respect to calcite in our static
fluid cell. ICP-OES and pH measurements after 30 and
80 min yielded saturation state values of Q=0.11 and
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Fig. 3. Sequences of AFM topographic images (3000 nm x 3000 nm) of calcite (10 14) surface in contact with Cd-bearing solution with initial
[Cd*"1=0.050 mM. Images were taken at (a) = 0 min, (b) f = 43 min, (c) 7 = 60 min, (d) = 150 min, (e) ¢ = 240 min, (f) # = 330 min. These

images show the etch pit shrinking and the monolayer growth with time.

Q =0.16, respectively. This decreases the driving force for
calcite dissolution, corresponding to a much slower dissolu-
tion rate. In the presence of Cd*" in the aqueous solution,
Ve decreases from 0.03 to 0.0l nms™' as [Cd>']
increases from 0 to 0.005mM (Fig. 4a), indicating the
inhibitory effects of Cd*" on calcite dissolution. At
[Cd®*]y = 0.010 mM, steps cease to migrate. As [Cd*"), fur-
ther increases, the direction of the step motion reverses and
the etch pits start to close. An example of the progressive
etch pit closure is shown in Fig. 5 for [Cd*'], = 0.050 mM.
The etch pit closing rate increases linearly with [Cd**], in
the concentration range considered in this work (Fig. 4a).
The spreading rates of the 3D islands along the [421] and
[010] directions are illustrated in Fig. 4b as a function of
[Cd*™)p. At all concentrations, the islands grow approxi-
mately three times faster in the [421] direction than in the
[010] direction, leading to their elongated shapes. Growth
rates along both directions increase with increasing
[Cd*")y; however, the slope of the growth rate versus
[Cd>*], curve is steeper for 0.002 mM < [Cd*']y < 0.01 mM
than for 0.01 mM < [Cd*"}y < 0.05 mM. Fig. 6 illustrates
the variations in height over time for representative islands
at several initial Cd*" concentrations. After an initial stage
during which growth occurs both laterally and vertically,
the 3D islands reach a height of 2.2-2.7 nm, which remains
constant over our entire experimental time (2-6 h). Final

heights are independent of the initial concentration of
Cd?" in the solution. In some experiments, we may miss
the initial stage of lateral and vertical growth due to the time
required for instrument adjustment and image scanning.

Fig. 4c presents the monolayer growth rates. Generally
speaking, the 2D growth rate increases slowly with
[Cd>*], at low supersaturation and then more rapidly at
high [Cd*"},. Unlike the 3D islands, the growth rates of
2D nuclei are comparable in the [421] and [010] directions,
corresponding to a nearly rhombic shape, as illustrated in
Fig. 3. At the same concentration of Cd*", 2D nuclei grow
slower than both the 3D islands and the etch pits.

3.1.3. Mixed CalCd-bearing aqueous solutions

The heteroepitaxial nucleation and growth of a new
phase on the calcite (1014) surface in contact with Cd-
bearing aqueous solutions has been reported in the litera-
ture (Stipp et al., 1992; Chiarello and Sturchio, 1994;
Chiarello et al., 1997; Hay et al., 2003; Chada et al., 2005;
Pérez-Garrido et al., 2007; Cubillas and Higgins, 2009).
However, uncertainties remain regarding its exact composi-
tion as a function of growth conditions. A recent AFM
study of Cd**—calcite interaction under static experimental
conditions (Pérez-Garrido et al., 2007) proposed that
the 3D islands formed on calcite surfaces were almost
pure CdCO; for 0.005 < [Cd*"]y < 0.05mM based on
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slope as the line in (a). (For interpretation of the references to color
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article.)

thermodynamic considerations. As noted in that study,
although non-ideal mixing of calcite and otavite has been
reported (Rock et al., 1994), the majority of the data
published in the literature to date (Davis et al., 1987;
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Konigsberger et al., 1991; Stipp et al., 1992; Tesoriero
and Pankow, 1996) suggests close to ideal mixing and,
therefore, ideal mixing was assumed by Pérez-Garrido
et al. (2007). Pérez-Garrido et al. (2007) explained that,
due to the significant difference in solubility between calcite
and otavite, the molar fraction of the CdCO; component of
the 3D islands would be greater than 0.97 in their experi-
ments, according to the maximum of the stoichiometric
saturation function (Prieto et al., 1993):

. (1—x)
_ a)(‘:db’ aCaZJr aCOﬁ’
ﬁ(x) - cavit x it (1-x)
otavite n calcite
(K o “Xcdco, /cac03> (K o Xcaco, VCaco3)

2

where X cqco, and Xc,co, are the molar fractions of the cad-
mium and calcium carbonate components in the solid solu-
tion and yc4co, and yc,co, are the activity coefficients of
these components, which are taken to be unity as an ideal
solid solution is assumed. With similar initial concentra-
tions of Cd*", we would expect the formation of extremely
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Cd-rich coatings on calcite in our experiments, with X c4co,
ranging from 0.98 to 1.00.

One limitation of predicting the composition of the coat-
ing phase solely based on Eq. (2) is that it does not include
any energy contribution that might favor the incorporation
of calcium in the growing coating to release epitaxial strain.
In addition, Eq. (2) follows from equilibration of the aque-
ous solution with a calcite—otavite solid solution of a given
composition; but thermodynamic equilibrium is rarely
achieved during the growth process in our experiments.
Indeed, our ICP-OES results and pH measurements indi-
cate an Q,vie of 0.3-26 and a pH of 7.4-8.4 after reaction,
which differ from what is expected based on equilibrium
conditions. It is thus possible that the composition of the
epitaxial phase is determined by a combination of thermo-
dynamic and kinetic factors.

To verify the thermodynamic prediction of almost pure
otavite growth on calcite, one indirect approach is to con-
duct AFM experiments by adding Ca®>" to the aqueous
solution. Fig. 7 illustrates the growth rates of 3D islands
as a function of Ca®" added to the aqueous solution with
an initial [Cd*"] of 0.050 mM. If both Cd*" and Ca®"
were precipitate constituents, one would expect that both
Cd?*" and Ca®* in sufficient quantities would be necessary
for the optimum growth rate. In other words, the addition
of Ca?" to Cd-bearing aqueous solution would enhance
the growth rate of the overgrowing phase on the calcite
surface. This is obviously not the case according to our
experimental results. As shown in Fig. 7, the growth rates
of the 3D islands on calcite surfaces decrease with increas-
ing concentration of Ca®" in the [421] and [010] direc-
tions. Moreover, the AFM images do not show any
significant changes in island morphology (images not
shown), which could be expected if calcium was increas-
ingly incorporated in the 3D islands to release strain in
these added Ca®' experiments. The inhibitory effect of
Ca®* on island growth is in accord with the presumed
negligible amount of Ca®' in the overgrowing phase and
could be due to calcium reducing cadmium access to
surface sites. Therefore, we refer to the coating phase as
cadmium carbonate hereafter.

. 3D islands
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Fig. 7. Growth rates of 3D islands along the [421] and [010]
directions as a function of [Ca®*] at [Cd*"], = 0.05 mM.

3.2. TEM

A thick cadmium carbonate epitaxial film was grown on
the calcite surface by flowing through 0.1 mM CdCl, and
0.5 mM Na,COj3 aqueous solutions for 4 h. Although these
growth conditions differ from those used in the AFM exper-
iments because of the need to ensure that the epitaxial film
would survive sample preparation, they do provide valuable
information on the atomic-level structure of the interface
between the calcite substrate and the epitaxial film. Fig. 8
shows that perfect epitaxial growth can be achieved over
tens of nanometers in these conditions. In the STEM
HAADF images, brightness is proportional to Z'7!?
(where Z is the atomic number) so that cadmium carbonate
appears much brighter than calcium carbonate. Both calcite
and otavite are highly beam sensitive. Consequently, dark
spots can be seen in the calcite substrate and the epitaxial
film due to electron beam damage. In addition, large-scale
images showed damage due to the FIB sample preparation
near the top of the epitaxial film and some heterogeneities
due to the epitaxial film not being fully continuous over
the scale of hundreds of nanometers.

Fig. 8a reveals that atomically-sharp interfaces can form
on flat calcite terraces and Fig. 8b and c indicate that epi-
taxial growth can also take place around surface roughness
with, for example, otavite growing around a protruding
surface feature (Fig. 8b) or filling a trough in the surface
(Fig. 8c). None of the images taken showed evidence of dis-
locations indicating that the strain induced in the epitaxial
film due to the lattice mismatch can simply be accommo-
dated by atomic displacements. The fact that an epitaxial
film tens of nanometers thick was able to grow without
any visible dislocations suggests that the growth of otavite
on calcite is not strain limited, provided a sufficient satura-
tion level is sustained. Although the growth conditions were
different, the TEM images suggest that the 3D islands
observed in the AFM experiments could be generally free
of dislocations with a fully epitaxial structure.

4. DISCUSSION
4.1. [Cd**|-dependent heteroepitaxial growth mechanisms

Heteroepitaxial growth follows three different mecha-
nisms in our experiments: advancement of existing steps
(in etch pits or on terraces), growth of 3D islands, and
expansion of 2D nuclei. Both the expansion of 2D nuclei
and the advancement of etch pit step edges are monolayer
growth. However, they start to grow at different critical
Cd*" concentrations: 0.010mM for the etch pits and
0.025 mM for 2D nuclei (Fig. 4), corresponding to supersat-
urations of 56 and 117, respectively. The existence of a
threshold supersaturation for 2D nucleation is a common
phenomenon in single-phase crystal growth (Teng et al.,
2000) and has also been observed in experiments of (Mn,
Ca)CO; growth on calcite (Astilleros et al., 2006) and
(Ba, Sr)SO,4 growth on barite (Pina et al., 2000). In pure cal-
cite growth (Teng et al., 2000), 2D nucleation occurs as
solution supersaturation exceeds 2.2, where the driving
force is high enough to overcome the free energy barrier
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Fig. 8. HAADF STEM images of the interface between the calcium carbonate substrate (dark) and the cadmium carbonate epitaxial film
(bright) obtained on the [010] zone axis; (a) HAADF-STEM image of epitaxial growth on a flat calcite terrace (inset is a probe deconvoluted
image highlighting the lattice matching between the film and the substrate); and (b) and (c¢) STEM images of epitaxial growth in rough regions
of the surface. The dark regions in the substrate and the epitaxial film are due to electron beam damage.

for 2D nucleation (De Yoreo and Vekilov, 2003). In this
work, the critical [Cd**], for etch pit closing is lower than
that for 2D nucleation, which can be interpreted in terms
of the existence of a free energy barrier for nucleation. That
is, the advancement of existing steps does not involve the
nucleation process and therefore does not need to overcome
the free energy barrier for 2D nucleation. Interestingly, in
the case of pure calcite growth, supersaturation has to
exceed 2.2 for 2D nucleation to take place, while the critical
supersaturation is 117 for 2D nucleation of otavite on cal-
cite, according to our experimental results. This large differ-
ence implies that growth via heteroepitaxy significantly
shifts the level of supersaturation required for the transition
between the two mechanisms to occur. Additionally, the
critical supersaturation for 2D nucleation can be correlated
to mineral solubility whereby higher critical supersatura-
tions are required for minerals with low solubilities (De
Yoreo and Vekilov, 2003). This effect stems from the fact
that 2D nucleation requires the creation of step edges,
which means that the free energy barrier for 2D nucleation
increases with increasing step edge energy, and that a lower
solubility translates to a higher step edge energy
(Christoffersen et al., 1991) as well as a lower equilibrium
kink density (De Yoreo et al., 2009). This effect is likely
to also contribute to the large difference in critical supersat-
urations between pure calcite growth and otavite growth on
calcite.

One striking finding of the present study is the growth of
the heteroepitaxial phase via the nucleation and expansion
of 3D islands at lower supersaturation levels than required
for both 2D nucleation and advancement of etch pit steps.
This growth mechanism is not observed for pure calcite
growth and, importantly, contradicts at first glance the free
energy barrier argument discussed above. To better under-
stand this growth mechanism, Fig. 9 shows information on

the growth of a single representative island, including the
variations in height, length, and width of the island and
the height profiles at different stages of growth. Note that
the x and y axis have different scales in the height profiles
and that, therefore, the island’s sides actually form a very
low angle with the calcite surface.

During the initial stage of reaction, the island grows
both vertically and laterally, and the lateral growth rates
are similar along [421] and [010]. As growth proceeds,
the island exhibits a flat top, parallel to the (1014) orienta-
tion, as demonstrated in the height profiles. Once the upper
(1014) surface of CdCO; has formed, the vertical growth
ceases and the 3D island grows by spreading laterally only,
with the growth preferentially occurring in the [421] direc-
tion compared to the [010] direction. We hypothesize that,
in the case of low [Cd*" ), the supersaturation is not suffi-
ciently high to form crystalline surface nuclei directly.
Instead, a CdCOj; precursor, which is not fully crystalline,
forms in the early stage of reaction represented by the first
few points in Fig. 9. This precursor acts as a seed or a nucle-
ation substrate that transforms to a more stable crystalline
phase, characterized by the flat (1014) top surface that
emerges at fixed average height within approximately 1 h
(Fig. 9) and the direction-dependent growth rates. It is also
possible that this precursor could be a hydrated form of
cadmium carbonate that dehydrates upon adopting the cal-
cite structure, as it has been shown for the formation of
magnesite (MgCQO3) produced via forsterite (Mg,SiOy) car-
bonation reaction (Kwak et al., 2010, 2011). Once the
island has fully crystallized and adopts the calcite structure,
it does not grow further in height within the timescale of
our experiments, which is consistent with expectation that
the most stable surface of a given mineral (here the
(1014) surface for calcite) grows the slowest. Non-classical
pathways of crystallization via the formation of amorphous
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Fig. 9. Length (blue circles), width (green circles), and height (black diamonds) of a representative island growing over time. The island was
obtained on calcite (1014) surface in contact with [Cd**], = 0.010 mM. Height profiles at the intial and late stages of growth are also shown.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

precursors have been reported, for example, for growth of
biogenic calcite in the presence of a calcite seed crystal
(Weiner et al., 2005; Politi et al., 2008; Killian et al.,
2009), for calcite growth templated by self-assembled mon-
olayers (Freeman et al., 2008; Pouget et al., 2009), and for
homogeneous nucleation and growth of calcite in aqueous
solutions (Gebauer et al., 2008; Meldrum and Sear, 2008;
Raiteri and Gale, 2011). This idea is also supported by
the Ostwald-Lussac law of phases, which states that the free
energy barrier for nucleation leading to a more disordered
state is less than the one leading to a more crystalline state
(Nancollas, 1982).

In the present study, the 3D islands spread laterally
along [421] and [010] directions rather than the [441]
and [481] directions, which are the directions predicted
by the periodic bond chain model (Paquette and Reeder,
1995; Jordan et al., 2001). The preferential growth in the
[421] direction and the consequent elongated morphology
of the islands have been attributed to the elastic properties
of the overgrowth, i.e. [421] is the direction of lowest elastic
modulus in the (1014) plane (Lea et al., 2003; Pérez-
Garrido et al., 2007, 2009). The kinetic effect of kink sites
might also contribute to the elongated shape of the islands
(Lea et al., 2003; Pérez-Garrido et al., 2007). It is possible
that slow attachment rates at obtuse-acute kink sites lead
to a slow growth along [010] and result in elongation of
the islands along [421]. Unlike the 3D islands, the mono-
layer growth proceeds by advancement [44 1] and [481] step

edges. Being crystalline from the time of nucleation, the 2D
nuclei have a strong propensity to adopt a specific shape
dictated by the atomic structure of the substrate. The small
misfit (4%) between the epitaxial cadmium carbonate phase
and the calcite substrate gives rise to overgrowth step
heights and atomic lattices that are indistinguishable from
the substrate. As illustrated in Fig. 3, the monolayers of
otavite formed on calcite exhibit a step height of approxi-
mately 3 A and a rhombic shape surrounded by step edges
approximately along [441] and [481], representing the
rhombohedral symmetry of the otavite and calcite lattices.

The observations made in this work are consistent with
previous studies on cadmium carbonate growth at calcite
surfaces. Pérez-Garrido et al. (2007) observed 3D island
nucleation and growth at [Cd*"]= 0.005-0.025 mM under
static conditions with non-buffered solutions, as we did in
our experiments. Only at [Cd*"]= 0.05 mM did the authors
report the formation of a CdCO; monolayer on the calcite
surface followed by 3D island growth on this monolayer.
We observed simultaneous growth of islands and monolay-
ers in our experiments at this concentration; however, we
did not systematically find the islands to grow on the mon-
olayers. Therefore, we conclude that the observation made
by Pérez-Garrido et al. (2007) is more likely due to a com-
bination of two growth mechanisms occurring simulta-
neously rather than the epitaxial phase following the
Stranski-Krastanov growth mechanism (i.e., island growth
atop a wetting layer). Hay et al. (2003) observed the forma-
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tion of “single-layer and multi-layer islands” on calcite sur-
faces exposed to aqueous solutions containing 0.1 mM
Cd?" and with their pH adjusted to 8.4. Although Hay
et al. also use the term “islands”, it appears from their
description and AFM images that they are referring to
monolayer growth whereby new monolayer nuclei can form
and expand on top of existing monolayers, i.e. layer-
by-layer growth. Cubillas and Higgins (2009) also reported
layer-by-layer growth on calcite surfaces at this same cad-
mium concentration but from flow-through experiments
with pH ranging from 8.0 to 8.5. Layer-by-layer growth
was also observed in our static, non-buffered experiments
for this cadmium concentration. Therefore, this work
shows that differences in growth mechanisms observed in
previous studies were principally related to the initial Cd
aqueous concentration rather than differences in growth
conditions (e.g., static versus flow-through conditions).

4.2. Growth kinetics as a function of [Cd>"]

The 3D island growth rates versus [Cd*" ], shows a slope
change at [Cd*"], =0.010 mM (Fig. 4b), which could be
explained by the dissolution and growth of existing steps
and the competitive 2D nuclei growth process. At
[Cd*"]y < 0.010 mM, dissolution of calcite continues after
exposure to Cd-bearing solutions, as indicated by the nega-
tive rates in Fig. 4a, providing a source of CO3™ ions for the
growth of the new otavite phase. Under this situation, Cd>*
inhibits dissolution through blocking of kink sites and con-
tributes to the 3D CdCO; growth. When [Cd*"}, further
increases, calcite dissolution stops and growth of the existing
steps (pit closing) starts, consuming rather than supplying
CO3~. This gives rise to a slope decrease for [Cd*t], =
0.010 mM compared to 0.002 mM < [Cd*"], < 0.010 mM,
as shown in Fig 4b. This is consistent with the observation,
previously reported in the literature for calcite growth, that
the calcite step velocities and, more generally, the calcite
growth rate decrease as the calcium-to-carbonate ratio
increases (Nehrke et al., 2007; Larsen et al., 2010; Stack
and Grantham, 2010; Bracco et al., 2012; Gebrehiwet
et al., 2012). Additionally, the growth of 2D nuclei takes
place at [Cd*']y = 0.025mM (Fig. 4c), competing for
Cd?" and COZ™ in the solution, which could also contribute
to the low slope at high [Cd**], for 3D island growth.

The expansion of 2D nuclei and the advancement of etch
pit step edges behave differently. The advancement rate of
etch pit step edges increases linearly with increasing
[Cd*"]y over the whole concentration range (Fig. 4a),
whereas a slope change is observed in the plot for 2D nuclei
growth kinetics (Fig. 4c). The different kinetic behaviors
exhibited by etch pits and 2D nuclei could be interpreted
in terms of kink density. It is well accepted that the growth
process proceeds by the attachment of growth units to the
growing crystal and that the attachment occurs predomi-
nantly at kink sites. If it is assumed that steps have a high
density of kinks and that step propagation is limited only
by the kinetics of solute attachment and detachment at kink
sites, the rate of step advancement is predicted to be linearly
proportional to the difference between the actual and equi-
librium concentrations of the solute, (C — C,), by (Teng

et al., 1999; De Yoreo and Vekilov, 2003; De Yoreo
et al., 2009):

V = Bo(C - C.) 3)

where f is the kinetic coefficient and o is the specific molec-
ular volume of the crystal. The rate of advancement of etch
pit step edges exhibits linear kinetics in Fig. 4a, as predicted
by Eq. (3), suggesting a high kink density. In addition, the
morphology of etch pits assures that the step edges of etch
pits are always terminated by two kinks. In other words,
etch pit step edges have a constant source of kinks.

In the case of 2D nuclei, however, a simple linear rela-
tionship cannot describe the kinetic behavior, as presented
in Fig. 4c. It is highly likely that the growth of 2D nuclei is
kink-limited, especially at low supersaturation. Zhang and
Nancollas (1990) included a kink density factor in the
step-edge kinetic model to give (De Yoreo and Vekilov,
2003):

V = BolC — C. — Cof (m)] (4)

where n; refers to the kink density on a step edge and f{n;) is
a function of n; that rises linearly at low supersaturation and
remains constant at high concentrations. Because of the
presence of the concentration-dependent term Ccf(#n,), the
relationship between step kinetics V and solute concentra-
tion C is non-linear, with the slope equal to
poll —Lé'”) - C,] for the V' vs. C curve. This concentra-
tion-dependent slope is expected to increase with increasing
solute concentration and approach fw at high concentra-
tion, which agrees with what is observed in Fig. 4c for the
growth of 2D nuclei. As demonstrated in Fig. 4c, the slope
of the growth rate versus [Cd*'], is steeper for [Cd*'],
> 0.070 mM than for 0.025 mM < [Cd*']) < 0.070 mM
and the slope for [Cd*"}y = 0.070 mM approaches that of
the etch pit closing (shown by the dashed line). The 2D
nuclei are surrounded by smooth step edges whose advance-
ment requires the nucleation of kink sites, particularly at
low supersaturation. Enhanced supersaturation leads to an
increased kink density and above a certain value the growth
of 2D nuclei is no longer kink-limited, resulting in a kinetic
behavior similar to that of the kink-rich etch pits.

5. CONCLUSIONS

This study reveals that the kinetics and mechanisms of
heteroepitaxial growth of cadmium carbonate on the calcite
(1014) surface vary with the initial Cd*" concentration.
The increase in initial supersaturation promotes a transition
in the growth mechanism from 3D island growth to 2D
nuclei spreading, which can be explained by the difference
in free energy barriers for nucleation of the two mecha-
nisms. 3D nucleation is suggested to follow a non-classical
pathway involving the formation of a lower-crystallinity
precursor, which transforms to a more stable crystalline
phase as growth proceeds. Differences in step kinetics are
observed for monolayers and etch pit steps, which originate
from differences in their kink density.

The kinetics and mechanisms of heteroepitaxial growth
obtained from the present work can be used as part of a
foundation for the development of predictive geochemical
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models that involve heteroepitaxy in aqueous environ-
ments. Future studies will extend this work to the kinetics
of growth of carbonate phases that show greater extents
of mismatch with calcite, such as manganese and cobalt
carbonates.
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